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ecause of their high energy and power density, lithium ion batteries that were mainly used for portable electronics are now extending to large applications such as power tools and vehicle electrification. Extensive research has been carried out to find new electrode materials and new electrode structure designs to improve energy densities for both anode and cathode. Silicon as an anode material has attracted extensive research because it has the highest known capacity, more than 10 times the value of the current commercial graphite anode. However, the intrinsic volume expansion and contraction of Si during Li cycling cause rapid capacity fading and limit its wide application. Various approaches have been carried out to overcome this issue, including the use of nanosized active materials, 1Ϫ6 active/inactive composite materials, 7Ϫ9 and siliconϪcarbon composites. 9Ϫ14 These studies have resulted in improvements of the electrochemical performance of Si-based anodes, but only to a limited extent. Recently we found silicon nanowires directly grown on a current collector can greatly improve the performance of the Si anode due to the excellent electrical connection between Si nanowires and the current collector and the nature of one-dimensionality to effectively release the strain. 15, 16 Cho and coworkers also demonstrated great anode performance using carbon-coated, very small (Յ10 nm) silicon nanoparticles (SiNPs) or silicon nanotubes. 17, 18 However, in these nanosilicon electrodes, the heavy current collector is larger in weight than Si active material. In a commercial lithium ion cell, the anode material is usually coated on a copper foil current collector to form an anode electrode in thin sheet form. The metal current collector on the anode side is usually a 10 m thick copper sheet with an areal density ϳ10 mg/cm 2 . This copper sheet is a relatively heavy component in a lithium ion cell, which is comparable in weight to the anode active material and accounts for ϳ10% of the total weight of the cell. 19 Random networks of carbon nanotube (CNT) have been explored as transparent electrodes in various devices including solar cells, organic light emitting diodes, and smart windows, where CNT networks show optical transmittances of ϳ80% and sheet resistances of 100Ϫ1000 Ohm/sq. 20Ϫ25 Recently, we reported the replacement of the conventional metal current collector with lightweight, CNT-enabled conductive paper, which can significantly reduce the weight of Li-ion batteries. 19, 26 Inks of CNT or silver nanowire are printed on thin commercial paper that renders a highly conductive paper current collector for both the anode and the cathode of Li-ion batteries. In the current study, we report a new freestanding Si film approach, not only to release effectively the strain built up in high capacity Si anode through a new, different mechanism than Si nanowires, but also to eliminate the dead weight of heavy metal current collector. A lightweight and highly conductive and flexible CNT network effectively functions as both a mechanical support and an embedded-in current collector. The composite film has a structure similar to steel bar reinforced concrete, where the CNT network is infiltrated in the Si film and provides good conductivity and flexibility, as well as mechanical strength. The Si in the CNT-Si film can be either amorphous Si from SiH 4 CVD or crystalline SiNPs. Ripples were found to form after battery cycling. These ripples are believed to be critical to releasing the large strain in the Si anode during Li ϩ insertion and extraction. Such bifunctional, free-standing film as both anode-active material and current collector leads to an extremely high energy density for anode electrodes, that is, 10 times the energy density is achieved when compared with the graphite/copper combination.
RESULTS AND DISCUSSION
Stainless Mesh Supported CNT-Si films. A number of previous studies have investigated Si films as the anode for lithium ion batteries, 27Ϫ30 where Si was deposited on metal substrates (current collector) by various sputtering methods. When very thin Si film is used, the strain in Si induced by lithium intercalation is relatively small and pulverization is limited. Great cycling performance (Ͼ200 cycles) has been obtained on very thin (thickness Ͻ500 nm), sputtered-on a-Si films. 27 However, the low material loading density per unit area of these very thin films has prevented their practical application. When relatively thick Si films (thickness Ͼ 2 m) were used, fast capacity fading was observed. 27 This is because the large strain in the thick Si film during Li ϩ cycling severely pulverizes the film and causes loss of contact of part of the Si with the substrate, as illustrated in Figure  1a . Yin et al. 28 have sputtered relatively thick a-Si film (thickness Ͼ2 m) on a roughened copper substrate and obtained improved performance. 19, 26 To demonstrate the feasibility of CNT-Si films as effective anode material, we first made a CNT-Si composite film on a SS 500 mesh, as shown by the SEM image in Figure 2a (see Experimental Section for detailed procedures). The SEM image clearly shows a film (or membrane) lying on the SS grids. Figure 2b is a zoom-in SEM image of the film, where CNT induced wire structures can be identified although the spaces between wires are filled with a-Si forming a continuous film. The inset image in Figure 2b is a selected area electron diffraction (SAED) image of the film. No crystalline diffraction pattern is observed for this film indicating the deposited Si is amorphous in nature. No clear CNTs can be seen in a typical TEM image of a ϳ1 m thick CNT-Si film supported by a SS mesh because the majority of film content is a-Si. Figure 2c is a SEM image of a broken CNT-Si film, where CNTs can be clearly seen connecting the two broken pieces. From the image, even when the composite film is broken to a certain degree, the broken pieces are still connected by a CNT network. This behavior is exactly similar to the steel bar reinforced concrete, where the steel bar provides flexibility and extraordinary fracture resisting strength. All the tests were measured with pouch-type cells and using constant current charge and discharge with a voltage range of 1.0Ϫ0.01 V. The cycling rates were calculated according to the theoretical capacity of silicon (4200 mAh/g) and CNTs (ϳ400 mAh/g), with a mass ratio of 6:1, where the overall theoretical capacity is ϳ3600 mAh/g and 1C ϭ 3.6 A/g. Figure 2d is a half cell test of an electrode made of SS mesh supported CNT-Si film. The first 12 cycles were cycled at a rate of C/10, and then the rate was increased to C/3 for the following cycles. The cell exhibits a good first cycle Coulombic efficiency of 84% and high efficiency, 98.5Ϫ99.8%, after the first few cycles. There is a capacity drop of about 11% when the cycling rate was increased from C/10 to C/3. The cell has a capacity retention of 90% after 90 cycles at a rate of C/3. It should be noticed here that it only takes the cell ϳ1.8 h to charge or discharge at a rate of C/3 because the CNT-Si film has a capacity of ϳ2000 mAh/g, and the cycling rate was calculated according to the theoretical capacity of 3600 mAh/g. The high specific capacity and excellent cycling performance confirmed that the CNT-Si film supported by SS mesh is an effective structure for Li-ion anodes. Free-Standing CNT-Si Films. To improve the energy density of Li-ion battery devices, it is essential to decrease the weight contribution from each component. The high conductance of CNT films, ϳ5 Ohm/sq, could effectively replace the heavy current collector to achieve a current-collector-free Li-ion battery. To demonstrate the bifunctionality of our structure as both current collector and active anode material, free-standing CNT-Si film without SS mesh was fabricated (see Experimental Section for detailed procedures and Figure S1 ). Figure  3a shows a photograph of a free-standing CNT-Si composite film. The film is highly conductive after Si coating, ϳ30 Ohm/sq sheet resistance, and flexible, that is, it does not break upon bending. A cross section SEM image of the free-standing CNT-Si film indicates that it is ϳ4 m in thickness. Figure 3b shows the cycling performance of a ϳ4 m thick free-standing CNT-Si film at a rate of C/10. The discharge capacity is 2083 mAh/g at the beginning and remains 1711 mAh/g (or 82%) after 50 cycles. The Coulombic efficiency is 86% for the first cycle and greater than 98% throughout the rest cycles. We also stacked multiple layers of these CNT-Si films as anode and obtained higher active material loading density per unit area. Figure 3c shows the performance of an electrode using two layers of 4 m thick CNT-Si films at a cycling rate of C/15. This cell shows good Coulombic efficiency and has a capacity retention of ϳ80% after 50 cycles. A four-layer stack of CNT-Si films was also tested and still demonstrated good performance (see Figure S2 ). Figure 3d is the voltage profile of a half cell using free-standing single layer CNT-Si film as the working electrode. The first charge has a long plateau at 0.18 V up to 1200 mAh/g, which is the first lithiation potential of pure a-Si. 27, 31 The sloping region between 1200 and 2415 mAh/g is the further lithiation of amorphous Li x Si. Because the first charge did not reach the formation of crystalline Li 15 Si 4 (3579 mAh/ g), the first discharge shows no plateau that could be originated from the delithiation of crystalline Li 15 Si 4 , as observed by previous studies. 15, 32 After the first cycle, the charging and discharging profiles show typical behavior (sloping curves) of Li intercalating with amorphous Li x Si. 16, 31, 32 The average charge potential is ϳ0.18
V and average discharge potential ϳ0.4 V, rendering a low average overpotential of ϳ0.11 V, suggesting that CNT-Si film is a good anode material with low charge/ discharge voltage hysteresis. When compared with our previous work of Si coated on carbon nanofiber as anode, CNT-Si is much more flexible and can be made free-standing due to the excellent flexibility of the CNT network. 16 Furthermore, CNTs remain intact after battery cycling, which helps maintain the electrical connection between CNTs and Si. As discussed later, such bifunctional, free-standing CNT-Si anodes will largely improve the energy density of the Li-ion battery.
Incorporation of SiNPs into the CNT-Si Films.
A relatively long CVD of 30 min was needed to fabricate the CNT-Si structure for bifunctional anodes. For practical, largescale energy storages with low cost, solution processing is preferred against a high cost, vacuum-based process. This motivated us to investigate a solution-based process to incorporate Si nanoparticles into CNT films. Aqueous CNT-SiNP ink was prepared with a mass ratio of 6:1 and coated onto SS substrate to fabricate thin films (see Experimental Section for detailed procedures). However, when used as the anode for Li-ion cells, the free-standing CNT-SiNP film had a large irreversible capacity for the first cycle and poor cycling performance (see Figure S3 ). Previous studies using pure CNTs as anode for lithium ion batteries all found a very high irreversible capacity (Ͼ1200 mAh/g) for the first cycle.
33Ϫ36 This is because that majority of reaction of Li ϩ with CNT surfaces are irreversible. 33 The poor cycling performance may also be due to the loose contact between CNTs and SiNPs. To overcome these issues, we have performed a short-time SiH 4 CVD to coat the CNTs and SiNPs with a thin layer of a-Si, which fuses all the CNTs and SiNPs together to form an integrated film. After a short time (ϳ5 min) of CVD treatment, the CNTSiNP film no longer showed a large irreversible capacity and good battery performance was obtained. Figure  4a and b show the SEM images of a CNT-SiNP film before and after SiH 4 CVD treatment. We believe the deposited a-Si had passivated the surface of CNTs, and the irreversible reaction with Li ϩ was, thus, greatly reduced. Figure 4c shows the cycling of a mixed CNT-SiNP film treated with SiH 4 CVD at a rate of C/10. In this film the SiNPs contribute more than 90% of the overall Si content. Only a small amount of SiH 4 CVD was needed to coat the CNTs with a-Si and to fuse the SiNPs and CNTs together. With the incorporation of SiNPs, the cell still demonstrated good Coulombic efficiency and had a capacity retention of 75% after 50 cycles, showing slightly faster decay compared to the film whose Si content is all a-Si. Figure 4d is the voltage profile of a half cell using free-standing CNT-SiNP film treated with SiH 4 CVD as the working electrode. The first charge has a short plateau at ϳ0.18 V due to the lithiation potential of pure a-Si deposited from SiH 4 CVD. Then, a second long plateau appears at 0.09 V, which is the lithiation potential of pure c-Si from SiNPs. 15, 32 After the first charge, the profiles of the rest cycles show typical behavior of Li intercalating with amorphous Li x Si, similar to those in Figure 3d .
CNT-Si Films after Battery Cycling. We also investigated the morphology of free-standing CNT-Si film without SiNPs after battery cycling. Figure 5 displays the SEM images of the free-standing CNT-Si film after different number of cycles. Figure 4a is a SEM image of the CNT-Si film after 10 cycles, which does not show significant breaking or pulverization. Previous studies on sputtered-on Si films all observed severe pulverization after several cycles. 27Ϫ30 Islands and aggregates of Si particles were found on the substrates after a few battery cycles. 27, 28 In Figure 5a , ripples caused by repeated Figure 5b is a SEM image taken at a broken edge of the CNT-Si film after 10 cycles, where CNTs sticking out of the edge can clearly be seen. Figure 5c is a SEM image of the composite film after 20 cycles. There appears to be more breaking on the film compared to the 10 cycle image. Figure 5d is a SEM image of the CNT-Si film after 40 cycles, where small cracks can be seen on the surface. However, the film did not disintegrate because the CNT network still connected the Si islands together. This proves the advantage of our CNT-Si composite film over pure Si films.
Comparison with Previous Results. To effectively increase the energy density on the device level, one needs to decrease the weight of each component. Previously, we have demonstrated that SiNWs on SS can offer 10 times the capacity compared to commercial graphite. However, the weight of the metal current collector on the anode side is more than that of the active material; therefore, the improvement of the energy density on the anode side will be significantly compromised. Here we replace the heavy metal current collector of ϳ10 mg/cm 2 , with CNT film of ϳ0.2 mg/cm 2 . Furthermore, the high capacity anode material, Si, was incorporated into such porous CNT films to form bifunctional, freestanding films. Such CNT-Si films greatly improve 10 times the specific capacity of anodes even when the weight of current collector is considered. Figure 6a shows the comparison of free-standing CNT-Si film, SiNWs on SS, and graphite on copper (Table S1 ; see SI materials and methods for details). It is clear that bifunctional CNT-Si dramatically increase the specific capacity when the weights of all components in anode side are counted. Such a huge weight saving on the anode side, including the current collector, would lead to 20% energy density increase in whole battery level ( Figure  6b and Table S2 ; see SI materials and methods for details).
CONCLUSIONS
In conclusion, free-standing CNT-Si films up to 4 m in thickness were synthesized by CVD deposition of a-Si on CNT films or by CNT-SiNP compositing technique. Such free-standing films successfully integrated the current collector and anode active material into a single sheet of film. The bifunctional films have low sheet resistance due to the infiltrated CNT network and high energy capacity due to the use of Si as anode material. High specific charge storage capacity, ϳ2000 mAh/g, and good cycling performance, much superior to pure sputter-on Si film with similar thickness, have been demonstrated. The great performance is attributed to the good mechanical strength and conductivity of the composite film, which can maintain structural integrity upon repeated lithium insertion and extraction. The CNT-Si film is still connected by a CNT network, where even small breaking or cracks appear in the film after cycling. The film was found to form "ripples" after lithium cycling due to the large strain in Si. Furthermore, the bifunctional CNT-Si film, when compared to the graphite anode on Cu current collector, can significantly decrease the weight percentage of the anode side in Li-ion batteries from ϳ20% to ϳ2%. Therefore, the integrated structure effectively increases the specific capacity by 10 times on the anode side and the energy density by 20% at the whole battery level. With the high capacity, low weight of the CNT-Si anode, further improvement of the energy density of the Li-ion battery will solely depend on the improvement of the cathode side.
EXPERIMENTAL SECTION
CNT Films On SS 500 Mesh. CNT ink in water was prepared by dispersing purified CNTs in water with SDBS surfactant. The concentration of CNT is 1.6 mg/mL and of SDBS is 10 mg/mL. After bath sonication for 5 min, the CNT dispersion was probesonicated for 30 min at 200 W (VC 505; Sonics) to form an ink. To form a standing CNT membrane on SS mesh, a 500 mesh was dipped into a CNT ink, taken out, and dried in an oven at 65°C. The SS mesh supported CNT film was then used to be deposited with Si.
Free-Standing CNT and CNT-SiNP Thin Films. A total of 10 mL of CNT ink was spread out onto a stainless steel substrate with the Meyer rod coating method. The wet film was then slowly dried at 60°C to avoid bubbling. The dried film was carefully rinsed with DI water to remove the surfactants. Due to the poor adhesion between the CNT film and the stainless substrate, the CNT film can be easily peeled off from the substrate, floated on DI water, and picked up with a metal mesh. The final free-standing CNT film was obtained after drying the wet film on the metal mesh. Then silicon was deposited onto the free-standing CNT film using the CVD process. For CNT-Si NP ink, 1.6 mg/mL CNT and 10 mg/mL Si NP were dispersed in water with 10 mg/mL SDBS. The dispersion was then probe-sonicated for 10 min before use. The fabrication procedures for the CNT-Si NP films were the same as those for the aforementioned CNT films. www.acsnano.org
Silane CVD. Obtained SS mesh supported CNT film, freestanding CNT film, or free-standing CNT-SiNP films were cut into 1 ϫ 1 cm small pieces and loaded into a chemical-vapordeposition (CVD) tube furnace. The furnace was pumped to vacuum, purged with pure argon, and then heated to 500°C. The CNT and CNT-SiNP films were annealed at 500°C for 40 min to remove the absorbed surfactant. After annealing, a compressed gas of 2% silane balanced in argon was flowed to produce a-Si deposition onto these free-standing films. Flow rates between 50 and 100 sccm were used for the delivery of SiH 4 /Ar gas. The pressure inside the furnace was set between 40 and 100 Torr during CVD process. The total CVD time was 5Ϫ60 min. The amount of a-Si deposition can be controlled by varying the CVD time, the partial pressure of SiH 4 , and the flow rate. The weights of the CNT films or CNT-SiNP films before and after annealing and after a-Si deposition were accurately measured using a microbalance (Sartarious SE2, 0.1 g resolution).
Cell Fabrication and Testing. To test the battery performance of our various free-standing films, pouch type half cells were made using free-standing films as the working electrode, Celgard 2250 separator, and Li metal foil as counterelectrode. The electrolyte was 1.0 M LiPF 6 in 1:1 w/w ethylene carbonate/diethyl carbonate (Ferro Corporation). The cells were assembled inside an Arfilled glovebox and sealed in aluminized polyethylene laminate bags. Galvanostatic measurements were made using a Biologic VMP3 multichannel system. The CϪSi NW electrodes were cycled between 1 and 0.01 V.
Material Charaterization. The free-standing films were characterized by an FEI Sirion scanning electron microscope (SEM) and a Philips CM20 transmission electron microscope (TEM). Delithiated film electrodes after cycling were took out of the cell bags inside a glovebox, washed with acetonitrile (ACN) and 0.2 M HCl to remove the residual electrolyte and lithium salts, and dried at room temperature before further SEM and TEM investigation.
